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Outline

Motivation
= Nucleon Spin Puzzle

Theoretical Overview

= Sea Quark Flavor Asymmetry and Meson Cloud Model

= Accessing Quark Angular Momentum via the Sivers Function

A Fixed, Polarized Target Drell-Yan Experiment, E1039
Outlook
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Nucleon Spin Puzzle

1 1

S proton = > = -AZ+L +AG+L, Lattice QCD: K.-F. Liu et al arXiv:1203.6388
4 1 B Lu—l—d_
Quark spin from all flavor g Jutd
“ AS ~ 0.25=... o et
« Gluon spin (RHIC) A% . 79
T AY o drs
s [ dxAg[x] = 0.1£0.06 =

s Polarized SIDIS

(HERMES/COMPASS)
s« AL~ Small AZq ~ 25%

s About half Of the nucleon Spin still a 2 Lq ~ 46%[O%(Lvalence)+46%(Lsea)]
mystery 2]~ 25% \

Orbital angular momentum of sea quarks L ~-L,

could play major role in Nucleon Spin.
Hints of sea quark o.a.m. already seen....
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Accessing Sea quarks via Drell-Yan

d’olqgru'w] _ 4na’1

dominates small

dx,dx, - 9x,x, S5 ez[qt(xf)%(xb)"'qm

target sea beam valence
quark quark
In p+p kinematics:
Quark from Beam
Antiquark from Target s Fixed Target Drell-Yan
I
0.9 LLog scale in
0¥ = X
0.7 QQ'O Y
0.6 Q:)% C)(b M(T)
05 | & >
Q
04 :
0.3 =5
02 EMAN
01 canid
U IJJlIlII]IlJllIJl!llIIJ|IJJI|JI]Jl!llI|llIl]IIJI
0 010203 04 05 06 07 08 09
xheam
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Accessing Sea quarks via Drell-Yan

d’clqgu'u]|
dx,dx,

dominates small

2
= S el lxax +a x|
9x,x, 57 /‘

K

target sea beam valence
quark quark

In p+p kinematics:

Quark from Beam

Antiquark from Target s Fixed Target Drell-Yan

|
o5 E Log scale nz s E866 saw strong flavor .
. = 25 - EB66 data
08 £ N asymmetry seen in I . Model
e @%@9 - dbar/ubar ratio 21~ -~ Model, m*"=400 MeV
0.6 |- o (h
N
Eos | 455@05‘“ s Meson Cloud Model may
04 £ - explain flavor asymmetry
03
g of sea quarks i
02 ;—MUM q 0.5 —Phys. Rev. D71 094015 (2005)
01 E - # Need sea quark o.a.m. i | | |
_IJJlIlII]IlJllIJl!llIIJ|IJJI|JJ]Jl!llI|llIl]IIJI 0 : : : : : : : : : : : : : :
00 0.1 02 03 04 05 0.6 07 08 09 0 0.1 0.2 0.3
5 David Kleinj :
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Meson Cloud Model

The meson cloud model explains the
flavor asymmetry in the sea, by requiring

sea quarks to carry angular momentum. Pions: J’=0" Negative Parity
Need L.=1 to recover proton’s JP=15"

Q IN® ar |AP

Ip>=|p> + N>+ |A*"c> +...

Drell-Yan

process

Sea quarks should carry orbital angular momentum.
Can be quantified via the TMD Sivers function.
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Quark Orbital Momentum and the Sivers Function

Right s The Sivers Function:

s One of 8 TMD PDFs: fir|X,k|

s Correlation between proton's transverse spin and
transverse parton momentum

_——— ____‘:1______ ____

s Originally formulated to explain E704

TIZ_NTIZ
L R
N +N™ s Sivers Effect: Intrinsic k_imbalance leads to
L R T
L asymmetry: tof | | —— i
04 +_ng 7 A
1T_—— 0.5} 0.5/
T % ' -
0.2} - 3 ool /= 3 ool
m@ b % 0.0 “y % 0.0
z o® ~0.5} ~0.5}
< 0 |H88eo ' '
[
° _1'9-1'.0 05 0.0 0.5 70 _1'9_1‘.0 05 0.0 0.5 1.0
_0'2 — @ — k. (GeV) k. (GeV)
s : : ’ A. Bacchetta and
g70a b % { » Quark Sivers Function Directly accessible Vi Comalbrien
_ N | 1 . Il Nuovo Saggiatore,
0.4 o with: vol. 28, pp. 16-27, 2012
Xy s Polarized Drell-yan [p+p' — y*(pu+p-)]
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Accessing Quark Sivers distribution

Polarized Semi-Inclusive DIS

# [-R asymmetry in SIDIS on polarized
nucleon

s Quark to Hadron Fragmention function

s Valence-Sea quark: Mixed

Polarized Drell-Yan

Never
P Done

q I

Zq eé[fz(&)'fffq(xz)"'l(__)2_

Ay = 2] £q q
Zq eq[fl(x1)'f1(xz)+1<__) 2]
s [.-R asymmetry in Drell-yan production

on polarized nucleon

s No Quark Fragmention function

s Valence-Sea quark: Isolated

September 13, 2014
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Accessing Quark Sivers distribution

Polarized Semi-Inclusive DIS Polarized Drell-Yan
Never
p Done
3k
q Y I
p’ q !
p’ (%]
fit lsiors = —fif' |
s Cornerstone Prediction of QCD 1T ISIDIS 1T IDY
s The same Sivers distribution in both Quark SIDIS DY
processes Valence Known Unknown
s But with opposite sign (AL . .~0)
# T-Odd Sea Little Known | Unknown
# [nitial state, Final state switch (E1039)
ﬂ
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E1039 Physics Summary

S 25 —~ E866 data
. . - — Model
= Little is know about Sea Quark Angular 2|~ -~ Model, m"-400 MeV
Momentum 151 1%} %Ll
i {r-..fizﬂ———-——h T --. ]
= E866 data, interpreted by the pion cloud 1 [
model point to non-zero sea quark 0.5 (- Phys Rev. D71 094015 2005) |
angular momentum o T T P
0 0.1 0.2 0.3

s E906 (SeaQuest) extending measurement
s x~0.45
= The E1039 Polarized Target Drell-Yan

Experiment provides opportunity to
study possible Sea Quark O.A.M.

s Follow up experiment to E906

NDY_ DY fu X ) 1,0 X)
. 1T L R 1 b 1T t

s Measure: AN( DProamT ptargetéDY)oc % 7 € ” -
N; +Ny filxy)f Xt)
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What is needed for E1039

# Proton Beam a

# Fermilab

s Polarized Target
# In Development at LANL, UVa<

s Dimuon Spectrometer

8 E906 experiment (Seaquest)
s Collaboration

06 |
BT /

\ J Y
e Y
FNAL proton beam Polarized E906 Dimuon Spectrometer
Target
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Proton Beam @ FNAL

< « 120 GeV protons
7 s Eﬁ;ﬁ;ﬂ"_“i_ : - KTev beam line
: Vs = 15.5 GeV

Projected Beam for E1039

» Beam: 1x10"p/spill; spill is
5 s/min

» Luminosity: 4x10* /cm’/sec
= P.O.T./year: 5.26x10"

TEVATROM

(3.9 MILES)
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Put in Polarized target for E1039

s Refurbished 5T Magnet

s Uses Dynamic Nuclear Polarization (DNP)
# Needs low Temp, High Magnetic Field

# Needs Paramagnetic material

s Irradiated NH, JLab argEt

s Proven Technology

s Parameters of Ammonium target
s Density: 0.917 g/cm?
# Length: 8 cm
# Packing Fraction: 0.6
# Average Polarization: 88%
a Dilution Factor: 3/17 (NH,)
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Principles of Dynamic Nuclear Polarization

N

« Thermal Equilibrium Polarization
from Boltzman Distribution, Zeeman —P_,,,=tanh
Splitting of Spin States

= T =1 Kelvin, B =5 Tesla
s P =0.998

electron

« P__=0.005, since p/p, ~10°

proton

w;g;B
2k,T

/

« Can polarize protons in Paramagnetic
material through RF transitions

A
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Principles of Dynamic Nuclear Polarization

= Can polarize protons in Paramagnetic material
through RF transitions

P,/ =tanh

w;g;B
2k, T

s Irradiate NH, to Create Paramagnetic Centers

s Dipole-Dipole interaction between electron-proton

s Pump on electrons @ Larmor Frequenciesv_ v =
e p

140.127 £ 0.213 GHz

. . Proton
s T, <<t _(relaxation time) %

s Polarization > 92% 0 i T

IR o

Ieﬂ VLT

ol

v Tivp
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Refrigerator for Target System

Microwave signal to . . _— NMR Polarization
Induce spin flips [ Signal Out Measurement
| Refrigerator
To Pumps | Heh Roots pump system used ta
12000 m3/hr
= 3 pump on 4He vapor to
‘ |] reach 1K
Cryostat: UVa
1]
Superconducting

Coils for Magnet: 5T

.v : ri T_EI'QE'I i ol | : - : 3 ':: :';f .-“ l’l_wave
rator I ‘w/ [Inaﬁaﬁcml} ; i\ horn
Exchan{ - / 1 : é _ : g 1
Target Material NH,
Irradiated at NIST
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NMR Polarization Measurement, Basics

s Measure Polarization using NMR technique

s Apply RF at proton Larmor frequency, v~ 213 MHz, to RLC circuit

# Measured with an inductor coil inside target
s Measures Polarization of Protons by absoption or emission of RF

» Voltage increases for absorption, decreases for emission (spin flip up/down)
s 213 MHz RF + IF high gain system

s Stable, low noise system required to detect TE signal

0.00085 "lTE Sllgnall P R 0.5|°o o prwave plumplnng .P R S|)2%
0.0003 - N - 012 L A o
0.00025 |+ f l| - 01k [ 'Il ]
% 0.0002 | | |'|| - S o8k | | NMR Coil
2 000015 | | I'\ 1 é 0.06 |- I."I ‘|| . (inductor)
g oooory I.f \ I E oot "ln 1 inside target.
5e-05 I y 0.02 | .
0 W‘“’ %Ww«ww«w N _j \_ ]
-5e-05 ! ! ' ' : 0.02 | | | | |

0 100 200 300 400 500 600
NMR Frequency (arb. units)

0 100 200 300 400 500 600
NMR Frequency (arb. units)

Keith et al. NIM A 501 (2003), 327 JLAB

Well established technology: SLAC, JLAB, PSI...
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Yield and Asymmetry Estimates

s One year L = 1.40x10% /cm?
Target and Accelerator Efficiency: 50%

s Spectrometer Efficiency: 80% _
N, = eft.*L*o_,

Cross Section 0, = 0.024 nb
s Kinematic Range: 4 <M <9 GeV,-0.2 <x_0.8

All DY in kinematic range 100% 1.34E+08
u+pu- accepted by all detectors 2% 2.78E+06
Accepted by trigger 50% 1.39E+06
U+ - pair reconstructed (with target/dump separation cut) 33% 4.59E+05
1
AA

11
e s f=3/17
f PyN total s P=0.88
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Summary and Conclusion

0.6

Drell-Yan Target Single-Spin Asvmmetry u 1.,u
filXxp)fir

ppl — n X, d=M <9 GeV ADY
N fu fU
1 1

s First measurement of sea quark
Sivers (1)

X

Xp

x|

S ——t—y + = = Sign and value
« IfA_#0
-0.2 N
H Sun and Yuan, 2013
| —— Anselmino et al. 2009 8 Ma] OI' dlscovery
a1 015 0.2 'I:I:ES- 0.3 0.35 0.4
s Evidence forL._ #0
Statistics shown for one calendar year of running : sed
L=1.4*10*/cm2, POT = 2.6*10'8 . If A — O
N

Running will be two calendar years of beam time

— 0o . .
Began Setup End of 2015 to Beginning of 2016 “ Lsea 0? Where is nucleon Spin:

Starting Taking data middle of 2016.
g Taring l s Source of Sea flavor asymmetry a
mystery
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Polarized
Target

T. Badman (GS), Shujie Li (GS), E. Long (PD), P. Solvignon (FA), K. Slifer I
(FA), R. Zielinski (GS) Tl
University of New Hampshire, Durham, NH 03824 Proton Beam
120 GeV/c
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Valence quark, L,

s SIDIS on polarized target

s Access to Quark Sivers Distribution

s Access to valence quark only " up

s up-quark favors left (L. > 0)

=
s Down-quark favors right (L, < 0) g?/ i

4T

- 0

R
4 Luz_Ld’ thus quO dOWﬂ
s What about sea quark O.A.M? _0.08

Quark Sivers distribution
Anselmino et al. PRD2009

0 0.2 0.4 0.6 0.8 1
X
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Valence quark Sivers from SIDIS

* Global Analysis of HERMES/COMPASS data

* Access to Quark Sivers Distribution

0.04 U p

0.02
—/ up-quark favors left (Lu>0), = 0/\
| e

~
\am)
N’
_|

T

,\ down-quark favors right = 5
R
u (Ld<0).
" <@\y\ down
T / U 009 uark Sivers distribution
6p _> 6 7TX L ~ L . :-\lns?:(msino ?tdal.tP:IDtZOOS
u d o 02 04 06 08 1
X
ﬂ

September 13, 2014 23 David Kleinjan |j¢:?_c, Alamos

NATIONAL LABORATORY




Planned Drell-Yan Experiments

Beam = Target Favored Physics Goal
Pol. Pol. Quarks

COMPASS Sign change and size of

Valence . 20
'11}' ﬂﬂ Sivers distribution for

T p — ,u+,u_X QUBS e quark

E-1027 Valence Sign change and size of
1 Lo 'ﬂ'ﬂ 'ﬂ]‘j - Sivers distribution for
p'p—putu X 9 valence quark
E-1039 Size and sign of Sivers
7 Lo 'ﬂ}' 'ﬂ'ﬂ Sea quark distribution for Sea
pp' —ptp X quarks, if DY AN# 0.
a
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Muon ID @ E906

Drawing: Tom O'Connor
and K. Bailey
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Put in Polarized target for E1039

s Refurbished 5T Magnet

s Uses Dynamic Nuclear Polarization
(DNP)

# Needs low Temp, High Magnetic Field

# Needs Paramagnetic material
s Irradiated NH,

s Proven Technology
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NMR Polarization Measurement, Basics

s Measured Using Q-Meter Technique

s Apply RF at proton Larmor frequency, v, ~ 212 MHz, to LC circuit
s Measures Polarization of Protons by absoption or emission of RF

s Voltage increases for absorption, decreases for emission (spin flip up/down)
s Q~(o,L)/R, VX 1/Q~P

s 214 MHz RF + IF high gain system

s Stable, low noise system required to detect TE signal

rf phase cable

source PSD Re(V(®))

o m ) ’ NMR Coil (inductor)
transmission
cable _ aroundTarget.

refngerator

Re target material

L (o)1 (w)
Ce <
Inductor around NH3
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Target and Beam Performance

eV

s Target g
# Polarization: 88% —

# Packing Fraction: 0.6
s Dilution Factor: 3/17 (NH,)

1000

500{—

# Density: 0.82 g/cm?

] 0 1
AM =M, - M, (GeV)

Mass Resolution
s Beam

# Beam: 1x10% p/spill; spill is 5 s/min

10°

# Luminosity: 4x10%* /cm?*sec
# 120 GeV protons

10°

ot
# Ktev beam line 1

# /s =15.5 GeV
# One year L = 1.1x10% /cm?
s POT = 2.7*10'8

10°

107

mmm ITIHm] IHHHIl IHI[TTI] HIIIT“]—T—I'T'I'ITI'W_T—IT

PP PR O | N | E
100 200

L | P | B! L
-200 -100 0
ZIerlEX (cm)

Reconstructed Vertex
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Never
P Done
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